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response on the bridge is dependent on truck velocity.  However, this trend is not seen 

for load position 2.  A decrease in mid-span deflection similar to the static condition is 

seen with the addition of the shear bar retrofit.  Deflection readings recorded for load 

position 1 before and after retrofitting are shown in Figures 10.23 and 10.24.  

Similarly, deflection readings are shown for load position 2 in Figures 10.25 and 

10.26. 

 

 

 

Figure 10.23: Deflection Measurements for Truck Velocities Before Retrofit [1]  

 

 

 

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.055

0.060

0.065

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

D
e

fl
e

c
ti

o
n

, 
in

Ch1-10MPH

Ch2-10MPH

Ch4-10MPH

Ch1-30MPH

Ch2-30MPH

Ch4-30MPH

Ch1-50MPH

Ch2-50MPH

Ch4-50MPH

10 MPH 30 MPH 50 MPH



 189 

Figure 10.24: Deflection Measurements for Truck Velocities After Retrofit [1] 
 

 
Figure 10.25: Deflection Measurements for Truck Velocities Before Retrofit [2]  
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Figure 10.26: Deflection Measurements for Truck Velocities After Retrofit [2] 

 

The mid-span deflections experienced no amplification under the dynamic loading 

except at a 50 mph. truck velocity.  The field impact factors determined for a truck 

speed of 50 mph were 1.21 without the retrofit and 1.32 after the retrofit.   

 

For load position 2, none of the beams experienced an increase in deflection regardless 

of truck speed. 

 

AASHTO states that field tests have indicated that the dynamic component of the 

response does not exceed 25% in the majority of highway bridges.  Of the dynamic 
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response factors evaluated in this study, only one was found to be greater than this 

25% value and none exceeded the 33% limiting AASHTO value.   
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Chapter 11 

Summary and Conclusions 

11.1 Summary 

In this study, a comprehensive investigation has been performed to develop a retrofit 

method to increase the shear capacity of PCBs designed without shear reinforcement.  

In addition, the study includes factors initiating beam deterioration.  Most notably 

longitudinal reinforcing steel corrosion and concrete spalling were the major causes 

for beam deterioration.  The primary objectives for this research include: 

• Determining the extensiveness of PCB deterioration in Arkansas. 

• Evaluating potential causes for longitudinal cracking and reinforcing steel 

corrosion. 

• Evaluating shear strengthening techniques for precast channel beams. 

• Develop a cost effective retrofit scheme that is easy to implement in the field. 

The research objectives were accomplished in seven main parts.   

1. A comprehensive literature review was performed to evaluate possible shear 

strengthening methods for concrete structures.    

2. Thirty-three formerly in-service beams in varying deterioration states were load 

tested for their structural capacity.  In these tests, a shear crack frequency 

distribution curve was developed to aid in determining adequate retrofit spacing.   

3. Potential causes for longitudinal cracking and reinforcing steel corrosion were 

evaluated.  This task included on-site bridge inspections, transverse traffic loading 

locations, relative humidity, in-situ moisture content, and concrete permeability.   
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4. The theoretical structural capacity of existing PCBs designed using the 1952 

AHTD bridge details was determined.  Three retrofit methods were designed based 

on the required shear improvement required for these beams to force failure in 

bending rather than in shear.  Carbon fiber reinforced polymer strips and a sprayed 

epoxy coating were each examined as external shear strengthening methods.  

Conversely, the use of microcomposite multi-structural formable steel, MMFX, 

reinforcing bars was examined as internal shear reinforcement.   

5. Structural load testing of twelve retrofitted beams and four control “un-retrofitted” 

beams were conducted to determine the effectiveness of each retrofit option.   

6. A statistical analysis was used to select the optimal retrofit for field 

implementation.   

7. A poor condition PCB bridge was retrofitted with the selected retrofit method. 

 

11.2 Conclusions 

Conclusions made from this research include: 

• At least fourteen states have used precast channel beams in their bridge 

inventory.  In addition, eleven of the fourteen are experiencing similar 

deterioration found in Arkansas. 

• Beam deterioration of in-service PCB bridges throughout Arkansas using the 

1952 AHTD bridge details is much greater than originally suspected. 

• Based on AHTD inspection reports, 28 bridges containing PCBs are in poor 

condition and therefore in need of shear strengthening. 
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• On-site UA bridge inspections revealed approximately equal amounts of 

longitudinal cracking and exposed reinforcing steel in both AHTD classified 

average and poor PCB bridges.  Due to this level of subjectivity in field 

inspections, an additional 94 bridges having beams in average condition should 

be considered for shear strengthening. 

• Load testing of thirty-three beams concluded that good condition beams were 

more ductile than poor condition beams.  Further, six poor condition beams 

failed in shear without exhibiting longitudinal reinforcing steel yielding.   

• The mid-height of a shear crack will most likely be within the range of 32 to 

48in. from the beam end.  The shear crack angle was typically less than 45º. 

• There is over a 99% probability that a shear crack will develop within 50in. of 

the beam end.   

• Flexure cracking is the result of heavier than initially designed for live loads.  

Moisture travels between adjacent beams and into flexure cracks causing 

reinforcing steel corrosion. 

• Reinforcing steel corrosion causes longitudinal cracking.  This deterioration 

eventually results in concrete spalling and exposed reinforcing steel. 

• Humidity at bridge sites consistently rose above 70%.  These humidity levels 

create ideal conditions for reinforcing steel corrosion. 

•  With the exception of a single sprayed epoxy coating retrofitted beam, all 

retrofitted beams increased deflection and energy ductility when compared to 

un-retrofitted beams. 
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• Statistically, the sprayed epoxy coating retrofit was found to be not 

significantly different than un-retrofitted beams. 

• The CFRP and shear bar retrofits significantly increased the load carrying 

capacity of the beams when compared to the control unretrofitted beams. 

• Although not statistically different, beams retrofitted with the diagonal CFRP 

strips produced greater load carrying capacities than using vertical CFRP 

strips.   

• The deflection response was approximately equal for both CFRP strip 

orientations. 

• The shear bar retrofit produced the highest mean values for both load capacity 

and deflection. 

• The shear bar retrofit was selected as the optimal retrofit method based on 

improved structural behavior, economy, and ease of implementation. 

• Excluding traffic control, a two person crew can easily perform the shear bar 

retrofit application in the field. 

• Of the dynamic response factors calculated in the field examination, none 

exceeded the 33% limiting AASHTO value.   

 

To substantiate the need for a retrofit approach, load testing results in the Phase I 

study found that the weakest beam, R1, failed at an applied load of P = 20k.  This 

beam was taken from Jenkins’ Ferry.  It had been repaired earlier in the field with 

shotcrete, however was still in poor condition due to spalling and extensive lengths 

of exposed longitudinal reinforcing steel.  This low failure load of P= 20k exceeds 
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the live load which the beam was initially designed for, H15 truck loading (16.6k).  

Although adequate for H15 truck loading, the beam was found inadequate for 

weight limit posting vehicles.  Considering the applied load, P = 20-kip, the rating 

factors are 0.620, 0.507, and 0.533 for T3, T4, and T3S2 weight limit posting 

vehicles respectively [Durham, Heymsfield, and Schemmel, 2003]. 

 

Converse to the behavior of beams R1 and RC, both in “poor” condition and taken 

from the Jenkins’ Ferry Bridge site, the majority of the load tested beams failed at 

a shear force approximately equal to the beam’s theoretical shear strength (Vn).  

Since no shear reinforcement exists in these beams, the theoretical shear strength is 

a function of the beam’s concrete compressive strength.  This behavior is shown in 

the Phase I Final Report, Figure 42 [Durham, Heymsfield, and Schemmel, 2003].   

 

A 4-in diameter core taken from the R1 beam had a compressive strength of f’c = 

9.216-ksi.  Based on its theoretical shear strength (Vc = 46.08 k), the beam should 

have failed at 42.1 kip instead of prematurely failing at P = 20 kip.  Therefore, 

although the beam was adequate for H15 loading, if the beam were strengthened to 

prevent premature shear failure, higher live loads could be carried. 

 

Consequently, there were two objectives in developing a retrofit for beams in 

“poor” condition:  

• prevent sudden shear failure and instead cause the beam to fail in ductile 

behavior and   
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• increase beam load capacity  

 

Of the three retofit procedures examined, the shear bar retrofit is the recommended 

method for increasing shear capacity and producing ductile behavior of 

deteriorated PCBs cast without shear reinforcement.  A statistical analysis of 

results obtained from load testing retrofitted beams along with field 

implementation of an existing bridge substantiates this recommendation.   

 
  


